In osteoarthritis the articular cartilage becomes roughened, fibrillar, softened, thinned, and finally eroded, with secondary changes occurring in the underlying bone. Histologically, early cartilage lesions in osteoarthritis are characterized by loss of metachromasia in the matrix, and it has been postulated that the initial disturbance involves the intercellular substance (1, 2). The decrease in metachromatic material in the matrix apparently is not due to degenerative changes in the cartilage cells; on the contrary, areas of osteoarthritis usually show proliferation of chondrocytes and increased radiosulfate uptake (2). The loss of metachromasia has been attributed to a diminution in chondroitin sulfate content. Hirsch has shown a decreased sulfate concentration in chondromalacia of the patella, associated with loss of metachromatic staining and loss of elasticity of the cartilage (3). Matthews (4) reported a fall in hexosamine-hydroxyproline ratio in fibrillar osteoarthritic cartilage, and Kuhn and Leppelmann (5) showed a fall in galactosamine and glucosamine concentration of femoral articular cartilage in individuals with "arthrosis deformans." Such observations suggest that metabolic changes occur in the cartilage lesions of osteoarthritis.
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In the studies to be reported, chondroitin sulfate concentration was determined as glucuronic acid, a more specific assay for this polysaccharide than hexosamine, since the latter is also present in the keratosulfate in cartilage; for example, the hexosamine concentration of adult rib cartilage is four times greater than can be accounted for as chondroitin sulfate (6) . A decrease in chondroitin sulfate concentration was found in osteoarthritic cartilage, most marked in the more advanced lesions. In addition, qualitative changes in the polysaccharide-protein complex of osteoarthritic cartilage * Supported by U. S. Public Health Service research grant AM-03421 and training grant 2A-5233.
were found, suggesting that polysaccharide breakdown was responsible for the decreased concentration of chondroitin sulfate.
METHODS
Articular cartilage was obtained from the knee and shoulder of 20 subjects 6 to 18 hours post-mortem. Knee cartilage was excised from the condylar surfaces of the femur or the posterior surface of the patella; in a few instances, samples were taken from the tibial plateau. Shoulder cartilage was taken from the anterior portion of the humeral head. Each sample was graded and processed separately. The degree of cartilage erosion in each area was quantitated on the basis of the smoothness of the surface, thickness, and consistency by the following criteria. Normal: Cartilage was smooth, white, glistening, and firm; pale yellow discoloration was occasionally present. Grade (7) with minor modifications (8) . The method used for glucuronic acid gave maximal yields from costal and articular cartilage, without interference from protein; commercial chondroitin sulfate subjected to the same procedure was recovered quantitatively. A separate sample of the acid-hydrolyzed cartilage was brought to 6 N HCl, hydrolyzed in an autoclave for an additional 6 hours at 15 pounds pressure, evaporated to dryness, and analyzed for hydroxyproline by the method of Kivirikko and Leismaa (9) .
The cartilage polysaccharide-protein complex was isolated from fresh cartilage samples extracted in 100 vol of water by the procedure of Malawista and Schubert (10) . Extraction was initiated in a Servall Omnimixer at top speed for 15 minutes; the samples were then transferred to an Ultra-turrax model TP 18/2,1 and homogenization was completed by two 1-minute runs, with the containers kept immersed in ice. Longer periods of extraction did not increase the yield. After homogenization, the preparations were centrifuged at 35,000 X g for 10 minutes at 00 C. All subsequent centrifugation was done at the same speed, time, and temperature. Three vol of absolute ethanol were added to the supernatant fluid; after standing, centrifugation was repeated at this point, but no precipitate was found, and this step was discontinued. A 0.4 volume of 20% potassium acetate was added; after about 30 minutes at 00 C, the resulting precipitate was recovered by centrifugation, dissolved in 5 ml of water, and reprecipitated by addition of ethanol and potassium acetate in the same concentrations as above. The precipitate was then washed twice with a solution of water, ethanol, and potassium acetate in the same concentrations as for precipitation. After thorough decanting of the last wash, the precipitate was dissolved in 5 ml of 0.5 N NaOH, and samples were assayed for uronic acid by the carbazole method and for protein by the Folin-phenol method of Lowry, Rosebrough, Farr, and Randall (11), using a tyrosine standard. Protein values were expressed as "tyrosine equivalents."
The ratio of protein to polysaccharide in the original cartilage extract decreased after the first ethanol-potassium acetate precipitation; a further decrease occurred after the second precipitation, but no further change occurred when the material was redissolved and precipitated a third and fourth time. Two ethanol-potassium acetate precipitations were therefore used as the routine assay procedure. Electrophoresis of the original cartilage extract on cellulose acetate strips in barbital buffer, pH 8.6 and ionic strength 0.1, showed movement of multiple protein bands on staining with nigrosin, but a single polysaccharide band on staining with toluidine blue. After two precipitations with ethanol, the extra protein bands were not detected; a single band containing both protein and polysaccharide moved from the origin, with some streaking of both components behind it. In addition, the material obtained by the first ethanol precipitate from normal cartilage was redissolved and reprecipitated with varying ethanol concentrations; the potassium concentration was kept constant. As the final ethanol concentration 1 Janke and Kunkel, Stauffen, Greisgau, Germany.
was raised from 30 to 75%, an increasing amount of both protein and polysaccharide was found in the precipitate; the ratio of the two in the various precipitates varied by no more than 15%o. As a routine procedure, 75%o ethanol was used, as described for bovine nasal cartilage (10, 12) .
RESULTS
Histologic observations. Sections taken from grossly normal articular cartilage were also normal microscopically, usually showing excellent preservation of the cartilage surface and an even distribution of cells within the matrix. Sections taken from areas of osteoarthritic erosion showed varying degrees of irregularity of the cartilage surface, with flaking of the superficial cartilage, fibrillation, and clumping of cells in the transitional zone. When simultaneous observations were made, a good correlation was found between the gross appearance of the cartilage and the severity of the microscopic changes. Toluidine blue stains showed loss of metachromasia of the matrix, most marked near the synovial surface, in osteoarthritic lesions. Even the most abnormal specimens showed good preservation of cellular detail, occasionally with a thin halo of metachromasia. Clumps of cells, apparently resulting from proliferation, were frequent in the osteoarthritic lesions. These observations are similar to those reported in previous studies of osteoarthritis (1, 2, 13) .
Chondroitin sulfate and collagen concentration in normal and osteoarthritic articular cartilage. Normal cartilage from different areas of the knee, including femoral condylar surfaces, tibial plateau, and posterior surface of the patella, showed similar chondroitin sulfate and collagen concentrations. The chondroitin sulfate concentrations found in normal articular cartilage from the shoulder and knee did not vary with age in the persons studied, who were almost all between 50 and 80 years old (Figure 1) . The chondroitin sulfate concentration was higher in normal knee cartilage than in normal cartilage from the shoulder, but the collagen concentration was higher in the shoulder (Figure 2 ).
In the osteoarthritic cartilage, a decrease in chondroitin sulfate concentration was found, most marked in the more advanced lesions. The concentration of hydroxyproline was virtually unchanged in abnormal cartilage samples (Figure 2 ). (Figure 3 ). Statistical evaluations were made on the basis of the three major groups described above; the increase in ratio found in the early 
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Downloaded from http://www.jci.org on January 13, 2018. https://doi.org/10.1172/JCI104777 were markedly decreased in the osteoarthritic lesions (Table III) . The increase in protein-polysaccharide ratio in the complex was therefore due to loss of polysaccharide.
DISCUSSION
The polysaccharides that have been identified in cartilage are the chondroitin sulfates A and C, and keratosulfate. Keratosulfate, a polymer of glucosamine, galactose, and sulfate, did not influence the determinations used in this study. No distinction was made between chondroitin sulfates A and C; both contain approximately 40% glucuronic acid, differing only in the location of the sulfate group on the galactosamine moiety, and therefore the term "chondroitin sulfate" has been used to indicate the total of both A and C.
The chondroitin sulfate concentration of costal cartilage has been reported to fall with increasing age (6, 14) . Kuhn (17) have reported an increased radiosulfate fixation by chondrocytes in articular cartilage with increasing age; S35 uptake was higher in areas of osteoarthritic cartilage than in normal articular cartilage taken from the same persons (2) . The avidity for sulfate increased progressively with increased severity of the osteoarthritic process. Apparently, an increased rate of chondroitin sulfate synthesis occurs in osteoarthritic cartilage, and therefore it is necessary to postulate a greater increase in polysaccharide breakdown to account for the decreased chondroitin sulfate concentration.
The mechanism of breakdown of connective tissue polysaccharides has not been fully elucidated; enzymes such as proteases or hyaluronidases, or nonenzymatic factors could be responsible. Loss of chondroitin sulfate from cartilage as a result of proteolytic enzyme action was graphically demonstrated by Thomas's studies of the flop-eared rabbits resulting from papain administration (18) . Tissue proteases, such as cathepsins, might be responsible for the relatively rapid polysaccharide turnover occurring in connective tissue normally or for the alterations occurring in disease. The relative amounts of the two components of the cartilage polysaccharide-protein complex were determined in the hope of finding a clue to the type of enzyme activity responsible for the increased turnover of polysaccharide in osteoarthritis. The increased ratio of protein to polysaccharide found suggests more rapid removal of the polysaccharide moiety from these complexes, pointing to the action of a hyaluronidase-like factor, rather than a protease.
To determine if breakdown of the cartilage chondroitin sulfate could give the changes in protein-polysaccharide ratio observed, aqueous extracts of articular cartilage were digested in vitro with testicular hyaluronidase 2 or trypsin, and then precipitated with ethanol in the presence of potassium, by the same procedure used in the analyses of the cartilage samples. Trypsin digestion caused recovery of less protein, resulting in a decreased protein-polysaccharide ratio in the precipitated complexes. Hyaluronidase treatment caused recovery of less polysaccharide, resulting in increased protein-polysaccharide ratios, thus reproducing the findings made on the osteoarthritis cartilage.
Previous reports have emphasized that hyaluronidase is definitely present in one mammalian tissue, the testis; its presence in other tissues has been questioned (19) . Reinvestigation of the distribution of hyaluronidase in various tissues was undertaken, and recent studies in our laboratory have revealed the presence of enzyme with characteristics resembling those of testicular hyaluronidase in kidney, spleen, liver, and lung in the rat. Hyaluronidase has also been found in human synovial tissue and synovial fluid, indicating that this type of enzyme may have access to articular cartilage and could play a role in the increased polysaccharide turnover occurring in osteoarthritic lesions. 2. The relative amount of the two components of the cartilage protein-polysaccharide complex was also determined. The ratio of protein to polysaccharide was increased in osteoarthritic cartilage, particularly in the advanced lesions, due to a fall in polysaccharide content.
3. Since others have reported increased radiosulfate uptake by chondrocytes in osteoarthritic lesions, the decreased concentration of chondroitin sulfate probably indicates excessive breakdown. The change in protein-polysaccharide ratio suggests that a hyaluronidase-like enzyme is responsible.
